Brighter and more efficient light sources are desired to further increase the sensitivity of spectroscopic measurements. Simultaneously, a strong trend towards miniaturization and compactness is ubiquitous. In the last years quantum cascade lasers have become powerful and reliable tools for infrared spectroscopy. We report on ring quantum cascade lasers with two distinct features which increase the efficiency of these devices and provide enhanced performance for spectroscopic applications. First, the distributed feedback grating exhibits two p-phase shifts. This provides far fields with a central intensity maximum. Second, a gradient index metamaterial is fabricated into the substrate. This collimates the emitted light and can replace external optics.
Introduction
A great many substances exhibit rotational and vibrational resonances in the mid-infrared, the so-called fingerprint region of the electromagnetic spectrum. Industrial process control, health and environmental sciences as well as many other scientific and technological fields demand powerful and reliable light sources in order to analyze these resonances. Quantum cascade lasers [1] (QCLs) have proven to be favorable instruments for non-destructive identification and concentration measurements of a variety of chemical compounds [2] [3] [4] [5] . In contrast to conventional Fourier transform infrared spectrometers (FTIR), QCLs are small, versatile and show a much higher spectral density. Medical diagnostics including non-invasive blood sugar monitoring [6] [7] [8] and the detection and analysis of exhaled human breath [9, 10] using QCLs have been developed in the last years. Likewise, QCLs started to play an important role in industrial and environmental applications like on-chip [11] absorption spectroscopy of liquids [12] and trace gas sensing [13] with continuous-wave QCLs [14, 15] or novel techniques like chirped laser dispersion spectroscopy [16] or quartz-enhanced photoacoustic spectroscopy [17] . For these applications, typically, edge-emitting Fabry-Pérot (FP) resonators are used. Recently, we introduced surface-emitting quantum cascade based ring lasers [18] with a second order distributed feedback (DFB) grating for vertical light outcoupling. These devices provide high-power performance [19] and exhibit many advantages compared to FP-lasers [20] including a much more collimated emission beam due to the larger emitting area. In this paper we combine ring QCLs having two p-phase shifts in the DFB grating with a dielectric gradient index [21, 22] metamaterial layer on the substrate side of the chip. While the phase shifts provide a far field with a central intensity maximum, the metamaterial is increasing the emitting area and collimating the emission beam [23] . Compared to other light collimation techniques using plasmonic antennas [24] or nanopores [25] , our dielectric metamaterial shows a high efficiency and does not suffer from scattering losses.
Theory and methods
The laser is based on an In 0.52 Al 0.48 As/In 0.53 Ga 0.47 As [26] Processing steps of the laser are according to previous publications [27, 28] .
Phase shifts
Surface emitting ring lasers with a regular second order distributed feedback grating for light outcoupling exhibit an inherent intensity minimum in the center of the far field [29] . High performance spectroscopic applications though require a light beam with as much intensity in the beam center as possible. For straight DFB lasers a central intensity maximum can be achieved via absorption of the antisymmetric mode [30] . Furthermore, it has been shown for ridge [31] and ring lasers [28] that grating phase shifts can produce a central-lobe emission beam as well. Fig. 2 shows a comparison between a standard and a phase shifted grating for ring lasers.
Opposing sides of the standard ring show an antiparallel orientation of the emitted electric field vectors which causes destructive interference in the center of the far field. The p-phase shift compensates for this effect and opposing sides of the ring exhibit a parallel orientation of the field vector. This results in constructive interference and a central intensity maximum. From the area of the phase shifts itself no light is emitted due to local destructive interference of the clockwise and counter-clockwise oriented electric field vectors.
Metamaterial
For the metamaterial a 500 nm thick SiN layer is deposited on the substrate. A polymethylmethacrylate film on top of the SiN layer is exposed by electron beam lithography and serves as an etch mask for the SiN which in turn forms the etch mask for the substrate. Prior to the exposure the coordinates of the ring laser with respect to the edges of the chip are determined using scanning electron microscopy. This is necessary in order to correctly position the metamaterial on the back side. The collimating metamaterial consists of differently sized sub-wavelength holes which form a refractive index gradient in radial direction. The nominal etch depth of 4.2 mm is reduced for holes with a diameter less than 1.5 mm due to aspect ratio dependent etching (ARDE). These holes were designed to be accordingly larger to match the required refractive index given by
with the radial parameter r = r'-r 0 , the refractive index of InP n 0 = 3.06, the substrate thickness d sub and the metamaterial thickness d met . The refractive index can also be expressed with the hole diameter b(r) and the hole period d r = 1.8 mm as follows
The corrected hole diameter is given by equalizing Eqs. (1) and (2) using the variable etch depth d met = u + vb. The ARDE parameters u = À0.79 and v = 3.08 were extracted from the inspection of vertical cross sections through the hole array which were prepared by focused ion beam milling [23] . This results in a quadratic equation with the following solution for the corrected hole diameter
The working principle of the metamaterial is based on the idea that light rays emitted from the ring laser under different angles propagate through material with different refractive index. The higher the emission angle the lower the refractive index. The metamaterial is designed as such that all rays emitted under a critical angle a c cover the same optical path length inside the substrate and metamaterial layer. In other words, the spherical wavefront is deformed and planarized within the metamaterial. From this point, according to the Huygens-Fresnel principle, the light emerges again in a spherical wavefront but from a much larger emitting area, namely the complete surface area of the metamaterial. The emitted beam is therefore more collimated than the initial beam of the ring laser.
The refractive index shape of the metamaterial is fixed and can only be altered by adjusting the etch depth which corresponds to the nominal thickness d met of the metamaterial. The larger the etch Fig. 1 . Sketch of the front (left) and back (right) side of the laser device. The latter exhibits a gradient index metamaterial layer which collimates the light emitted by the ring laser on the front side. The center of the waveguide is located at the radial distance r 0 .
depth the larger the possible emitting area, which means a stronger collimation of the beam. This dependency on the etch depth is shown in Fig. 3 .
A theoretical tool was developed in order to calculate the resulting far field patterns. This tool calculates the 2D Fourier transform of the emitting area of the ring laser and the metamaterial. The critical angle for the metamaterial is a c = 7.4 . This corresponds to a far field emission angle of 23.1
. Within this range the overall intensity in the calculation is kept constant, however, the different sizes of the emitting area cause a modified distribution of the intensity. This is shown in Fig. 4 .
The central peak intensity of the metamaterial far field corresponds to 724% of the initial far field without metamaterial.
Experiments
For the presented experiments the laser was operated in pulsed mode with a pulse length of 100 ns and a repetition rate of 5 kHz. The recorded far fields are detected with a liquid-nitrogen cooled mercury-cadmium-telluride detector with a detector area of 1 mm 2 . This detector was mounted on a two-dimensional translational stage at a distance of 15 cm without any optical elements between laser and detector. The measured beam pattern was transformed into angular coordinates and corrected for the projected area on the detector.
Results
We present a metamaterial collimating the light generated in a p-phase shift ring QCL. Such devices have the great advantage to provide an emission beam with a central intensity maximum [28] instead of the inherent central minimum [27] of devices without grating phase shifts. Fig. 5(a) shows the initial far field of the ring laser before the fabrication of the metamaterial layer.
In Fig. 5(b) the far field pattern of the same device after the fabrication of the metamaterial is given. Both figures share the same scale bar, which shows the increase of the central peak intensity to 265%. The theoretical value of 724% is not reached. The reason can be found in the far field itself. In contrast to the initial far field, the collimated one is not symmetric to the vertical zero axis. While on the right side the intensity drops for angles higher than 3
, on the left side it is increased even above 4 . This and the fact that the left side of the far field shows an overall stronger intensity increase suggest that the metamaterial does not lie exactly below the ring laser but is somewhat dislocated in the horizontal direction. This would change the refractive index and therefore the optical path lengths for the emitted light and could explain why the theoretical peak value is not reached.
Discussion and conclusion
In summary, we present ring quantum cascade lasers with a p-phase shift distributed feedback grating on the front and a gradient index metamaterial on the back side of the chip. The former produces an emission beam with a central intensity maximum and the latter is collimating this beam due to the expanded emitting area. These devices can increase the efficiency of spectroscopic applications. Due to the strongly collimated emission beam, integration into a miniaturized sensing setup without external optics is possible. The main limiting factor for this approach is the ARDE and therefore the etch depth of the holes. A monolithic integration of the InP-based laser on a silicon substrate [32, 33] would strongly increase the degree of freedom in designing the metamaterial. A larger etch depth would increased the maximum size of the metamaterial and collimate more light.
